Most recently, boron-graphdiyne, a π-conjugated two-dimensional (2D) structure made from merely sp carbon skeleton connected with boron atoms was successfully experimentally realized through a bottom-to-up synthetic strategy. Motivated by this exciting experimental advance, we conducted density functional theory (DFT) and classical molecular dynamics simulations to study the mechanical, thermal conductivity and stability, electronic and optical properties of single-layer Bgraphdiyne. We particularly analyzed the application of this novel 2D material as an anode for Li, Na, Mg and Ca ions storage. Uniaxial tensile simulation results reveal that B-graphdiyne owing to its porous structure and flexibility can yield superstretchability. The single-layer B-graphdiyne was found to exhibit semiconducting electronic character, with a narrow band-gap of 1.15 eV based on the HSE06 prediction. It was confirmed that the mechanical straining can be employed to further tune the optical absorbance and electronic band-gap of B-graphdiyne. Ab initio molecular dynamics results reveal that B-graphdiyne can withstand at high temperatures, like 2500 K. The thermal conductivity of suspended single-layer Bgraphdiyne was predicted to be very low, ~2.5 W/mK at the room temperature. Our first-principles results reveal the outstanding prospect of B-graphdiyne as an anode material with ultrahigh charge capacities of 808 mAh/g, 5174 mAh/g and 3557 mAh/g for Na, Ca and Li ions storage, respectively. The comprehensive insight provided by this investigation highlights the outstanding physics of B-graphdiyne 2 nanomembranes, and suggest them as highly promising candidates for the design of novel stretchable nanoelectronics and energy storage devices.
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Introduction
Since the successful isolation of graphene 1, 2 , an immense amount of research has been conducted in the field of two dimensional (2D) materials. Graphene, the most well-known member of 2D materials shows exceptional physics, including interesting electronic and optical properties along with highest measured mechanical strength 3 and thermal conductivity 4 . These outstanding material properties propose the graphene as a highly attractive candidate for diverse applications, such as; heat management components, mechanically robust and stretchable nanodevices, nanoelectronics and nanooptics. Graphene nevertheless yields zero band-gap semiconducting electronic character in its defect-free form, and thus it is not suitable for the application as a 2D transistor. This electronic nature of graphene however has been acting positively, promoting the design and discovery of novel 2D materials with inherent semiconducting electronic properties Among various classes of 2D materials with semiconducting electronic character, during the last few years the experimental realization of carbon based 2D semiconductors has attracted remarkable attention. In this regard, covalent networks of carbon and nitrogen atoms arranged in lattices with different atomic compositions have been among the most successful experimental accomplishments. Graphitic carbon nitride g-C 3 N 4 5, 6 are well-known 2D semiconductors that have been experimentally fabricated, with desirable performances for various applications, like; energy storage and conversion, fuel cells, catalysis, photocatalysis and CO 2 capture 5, [7] [8] [9] [10] [11] [12] . Nitrogenated holey graphene is another attractive member of carbon-nitride 2D materials family, which was successfully synthesized via a simple wet-chemical reaction 13 . Recently, a graphene-like 2D polyaniline crystals with C 3 N stoichiometry was experimentally realized via the direct pyrolysis of hexaaminobenzene trihydrochloride single crystals in solid state 14 . Carbon-nitride 2D structures provide very attractive properties, suitable for post-silicon nanoelectronics [13] [14] [15] [16] [17] [18] [19] . Graphyne 20 structures are another class of planar full carbon allotropes, including sp and sp 2 hybrid bonded atoms arranged in various crystal lattices. Interestingly, in 1987 Baughman et. al 20 predicted numerous graphyne structures, some with semiconducting electronic character. Amazingly, three decades after this original theoretical work, two graphyne structures have been recently experimentally synthesized. In 2017 Jia et al. 21 reported the fabrication of carbon Ene-yne graphyne from tetraethynylethene by solvent-phase reaction. Shortly after, the synthesize of crystalline graphdiyne nanosheets were reported by Matsuoka et al. 22 . The appealing physics of graphyne structures have been an attractive topic for theoretical studies.
These full carbon nanomembranes have been theoretically predicted to yield highly promising properties for diverse applications, such as; anode material for metal-ion batteries 23, 24 , hydrogen storage [25] [26] [27] [28] , catalysts 29 , thermoelectricity 30, 31 and nanotransistors [32] [33] [34] [35] .
Most recently, an exciting experimental advance has just taken place with respect to the synthesis of B-graphdiyne 2D structure through a bottom-to-up synthetic strategy 36 . The fabricated B-graphdiyne structure by Wang et al. 36 is likely to that of graphene-like graphyne; however, in B-graphdiyne single boron atoms replace the connecting hexagonal carbon rings in the graphyne lattice. This latest experimental success in the fabrication of B-graphdiyne highlights the importance of theoretical studies in order to provide understanding of its intrinsic material properties. Such that comprehensive analysis of structural, thermal, mechanical, electronic and optical properties of 2D B-graphdiyne structures plays critical roles in the design of advanced nanodevices exploiting the outstanding properties of this novel material.
The objective of the present investigation is therefore to efficiently explore the material properties of B-graphdiyne structure through extensive atomistic simulations. To this aim, we conducted extensive first-principles density functional theory (DFT) simulations to investigate mechanical, thermal stability, optical and electronic properties of this newly synthesized 2D structure. The phononic thermal conductivity was also predicted using the classical non-equilibrium molecular dynamics simulations. It is worthy to note that 2D materials and heterostructures owing to their good stability, desirable adsorption energy, remarkable ionic conductivity and high storage capacity have recently attracted remarkable attention for the application as active materials in rechargeable metal ion batteries [37] [38] [39] [40] [41] [42] [43] [44] [45] . We therefore also employed the DFT calculations to investigate the possible application of B-graphdiyne as an anode material for Li, Na, Mg and Ca ions storage. This work provides a comprehensive vision concerning the critical properties of a novel class of 2D semiconductors and hopefully the acquired results can guide future theoretical and experimental studies.
Computational methods
In this work we employed Vienna Ab initio Simulation Package (VASP) [46] [47] [48] to conduct the density functional theory simulations with the Perdew-Burke-Ernzerhof (PBE) functional 49 for the exchange correlation potential. The interaction between the valence and core electrons was described on the basis of the projected augmented wave (PAW) method 50 . A plane-wave cutoff energy of 500 eV was used for the valence electrons. The VESTA In order to evaluate the mechanical properties, we conducted uniaxial tensile simulations. In this case, only a unit-cell structure was considered. We analysed the anisotropy in the mechanical properties by conducting the uniaxial tensile simulations along the armchair and zigzag directions. To this aim, the periodic simulation box size along the loading direction was increased gradually with a fixed engineering strain. In order to satisfy the uniaxial tensile loading condition, the stress along the transverse directions of loading should remain negligible. Since the atoms are in contact with the vacuum along the sheet's normal direction, the stress in this direction is always negligible. Therefore, to satisfy the uniaxial tensile loading condition the simulation box size along the sheet's width was altered to also reach a negligible stress. In order to simulate the atomic rearrangements during the tensile simulations, the conjugate gradient method was employed for the geometry optimizations, with termination criteria of 10 -4 eV and 0.01 eV/Å for the energy and the forces, respectively, using a 7×7×1 Monkhorst-Pack 52 k-point mesh size. To evaluate the thermal stability, ab initio molecular dynamics (AIMD) simulations were carried out for a rectangular unit-cell, using the Langevin thermostat with a time step of 1 fs and 2×2×1 k-point mesh size. Since the PBE functional underestimates the band-gap values, we also employed the screened hybrid functional, HSE06 53 to evaluate the electronic properties of C 12 B 2 monolayer. We used the Gaussian smearing method with smearing width of 0.02 eV and 8×8×1 k-point grid for computing the optical properties. Optical properties, including the imaginary and real parts of dielectric and absorption coefficient were calculated through the random phase approximation (RPA) method 54 . The optical spectra of the single-layer C 12 B 2 was acquired using the PBE plus RPA approach.
Optical properties were described by photon frequency dependent dielectric function,
. The imaginary part of the dielectric function for semiconductors could be obtained by taking into account the contribution of interband transition contribution 55, 56 : 
where P denotes the principle value and η is the complex shift in Kramers-Kronig transformation. The absorption coefficient was calculated using the following relation 57 :
where k αβ is the imaginary part of the complex refractive index and c is the speed of light in vacuum, known as the extinction index. k αβ was acquired according to:
The optical spectra of B-graphdiyne nanosheets have been obtained for the in-plane directions in order to assess the anisotropicity of optical properties.
We employed classical non-equilibrium molecular dynamics (NEMD) method to predict the lattice thermal conductivity of B-graphdiyne. The NEMD simulations in this study were conducted using the LAMMPS and Kinarci et al. 61 for carbon-carbon and carbon-boron interactions, respectively. Worthy to note that the employed potential functions have been widely used in the classical molecular dynamics modelling of heat transfer in carbon based 2D materials [62] [63] [64] [65] . In all NEMD simulations, we applied periodic boundary condition along the planar directions and a small time increment of 0.1 fs was used. NEMD calculations were performed for B-graphdiyne samples with different lengths to probe the length effect on the predicted thermal conductivities. To evaluate the thermal conductivity, we first relax the structures at the room temperature using the Nosé-Hoover thermostat method (NVT). We then fixed atoms at the two ends of the sample and divided the simulation box (excluding the fixed atoms) along the heat transfer direction into 20 slabs. The first two slabs at the two ends were assigned to be cold and hot slabs, respectively. To simulate the heat transfer, we applied a 20 K temperature difference between the hot and cold slabs. During the NEMD simulations, the temperatures in the hot and cold slabs were controlled by the NVT method, while the constant energy, NVE ensemble with velocity-Verlet integration method was used to simulate the atomic motions in the remaining slabs. These applied loading conditions, impose a heat-flux along the heat transfer direction by continuously adding small amounts of energy to the atoms in the hot slabs and simultaneously removing energy from the atoms in the cold slabs.
The applied heat-flux, q x was calculated assuming a thickness of 3.35 Å for singlelayer C 12 B 2 , the same as that of the graphene. As a result of the imposed heat flux in the system, a steady-state linear temperature profile establishes along the sample.
The thermal conductivity, , was then evaluated using the established temperature gradient and the applied heat-flux, according to the one-dimensional form of the 
Results and discussions
In the Fig. 1 , top view of the energy minimized graphene-like B-graphdiyne monolayer is illustrated. For the energy minimized structure, the hexagonal lattice constant was measured to be 11.847 Å. In this structure, only three different types of atoms exist; B atoms and C atoms connected with either B or C atoms. In accordance with the original experimental work by Wang et al. 36 , C atoms connected with B and C atoms are distinguished with 1C and C3 terms, respectively. In the energy minimized structure, the B-1C, 1C-C3 and C3-C3 bond lengths were measured to be 1.512 Å, 1.235 Å and 1.345 Å, respectively. As it is clear, B-C bonds exhibit the maximum length which may imply their lower rigidity as compared with other bonds in this system. The atomic structure of energy minimized single-layer Bgraphdiyne is provided in the supporting information of this manuscript. In Fig. 1, we also plotted the electron localization function (ELF) 68 , which takes a value between 0 and 1, where ELF=1 corresponds to the perfect localization. As it is clear from the ELF contour calculated for the C 12 B 2 monolayer, the electron localization occurs on the center of the C-B and C-C bonds, which confirms the covalent bonding in this structure.
We investigated the energetic stability of B-graphdiyne monolayer. To this aim, the cohesive energy per atom was calculated as defined by
Et, Ei and n are the total energy of the system, the energy of the i-th isolated atom and the total number of atoms in the unit-cell, respectively. The cohesive energy of single-layer B-graphdiyne was calculated to be -5.85 eV, which is higher than that of the graphene (-9.23 eV
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). The negative cohesive energy for this monolayer suggests that the free-standing single-layer B-graphdiyne is energetically stable. 
Mechanical response
We first analyze the mechanical response of B-graphdiyne by conducting the uniaxial tensile simulations. In Fig. 2 , the first-principles results for the uniaxial stress-strain responses of single-layer C 12 B 2 elongated along the armchair and zigzag directions are illustrated. For the most of materials with densely packed structures, the uniaxial stress-strain curves show initial linear responses corresponding to the linear elasticity.
Notably, the uniaxial stress-strain responses of B-graphdiyne include no initial linear relations and thus this system does not exhibit linear elasticity. Worthy to note that the linear elastic response in the mechanical properties is usually associated with the bond stretching as a result of applied mechanical strains. As an example for the case of pristine graphene, the stretching of the structure can be achieved only by increasing the carbon atoms bond lengths and such that at initial strain levels the stress values increase linearly 70 . As it can be seen from the results shown in Fig. 2 , by increasing the strain levels the strain values also increase but in sinusoidal patterns. This observation can be attributed to the fact that at initial strain levels the stretching of B-graphdiyne does not directly leads to the increase of bonds lengths. This way, in this novel 2D system the deformation is achieved by a combination of structural deflection and bond stretching. The dominance of bond stretching in the deformation process correlates with the increase in the stress values.
On the other side the decreases in the stress values reveal that the structural deflection, which is mainly achieved by the contraction of the structure along the perpendicular direction of loading (sheet's width).
Uniaxial stress-strain relations illustrated in Fig. 2 confirm that along the armchair direction the B-graphdiyne structure yields distinctly higher stiffness and stretchability as compared with the zigzag direction. The ultimate tensile strength of single-layer C 12 B 2 along the armchair and zigzag directions were predicted to be 15 N/m and 9.6 N/m, respectively. This can be explained because of the fact that for the uniaxial loading along the armchair direction from every two carbon-carbon chains existing in the system, one is exactly oriented along the loading direction and thus the bonds are more involved in the load transfer and stretching. Along the armchair direction the B-graphdiyne exhibits around 50% higher stretchability as compared with zigzag direction. We remind that for the uniaxial loading along the armchair and zigzag directions, the sinusoidal stress patterns are observable up to the strain levels of ~0.4 and ~0.12, respectively. In these cases, as the loading proceeds the bond elongations are observable by the increase of the stress values, however as considerable contraction along the sheet's width occurs, some parts of the stresses in the bonds relieve, resulting in overall decline in the effective stress values.
This way, the higher stretchability along the armchair direction can be explained by the more contraction ability of the structure along the perpendicular direction of loading. According to our first-principles modelling results, the maximum strains that the graphene-like B-graphdiyne can keep its load bearing ability, equivalent with the stretchability, were predicted to be to be ~0.88 and ~0.58 for the uniaxial loading along the armchair and zigzag directions, respectively. Worthy to mention that the strain at the ultimate tensile strength point for pristine graphene and hexagonal boron-nitride were found to be ~0.27 70 and 0.3 71 , respectively.
Interestingly, the stretchability of B-graphdiyne is also considerably higher than other 2D full carbon porous networks 72 , carbon Ene-yne 73 and graphyne 74 structures. To the best of our knowledge, the graphene-like B-graphdiyne outperforms other planar 2D materials with respect to the stretchability. In order to briefly analyze the failure mechanism of C 12 B 2 B-graphdiyne, snapshots of the deformation process under different loading conditions and at different strain levels along with the ELF contours are compared in Fig. 3 . In this case, we also conducted the biaxial tensile simulation to compare the results with those of the uniaxial loadings. According to the results shown in Fig. 3 , for the all studied samples the bond breakage happen in B-C bonds. The bond breakages can be also understood from the ELF contours, when the electron localization vanishes from the center of original bonds and concentrates around the atoms. For the samples under the uniaxial tensile loading conditions, the bond breakages happen for those oriented along the loading direction, those were involved in the stretching and load bearing.
For the uniaxial loading along the zigzag direction, the carbon-carbon chains initially oblique to the loading direction with an angle of 30 degree (Fig. 3a) , during the uniaxial loading rotate and finally become in-line with the loading direction (Fig. 3c ).
In this case, during the entire deformation process the structure retains its original planar structure. For the uniaxial loading the armchair direction, considerable contraction of the structure along the perpendicular direction of the loading is observable. In this case, until the strain level of ~0.4, which is associated with the strain limit for sinusoidal stress pattern, the planarity of the structure is preserved (Fig. 3f) . After this point, by increasing the strain level the carbon-carbon chains initially oblique to the loading direction by an angle of 60 degree tend to orient along the loading direction and simultaneously start to deflect in the out-of-plane direction (as shown in Fig. 3g ). Nonetheless carbon-carbon chains originally oriented along the loading direction are kept completely in-plane (Fig. 3g side views) . As illustrated in Fig. 2 , the stress-strain curve for the uniaxial loading along the armchair direction reveals an unusual first yield point at the strain level of ~0.6, in which a conspicuous sudden drop in the stress value is observable. According to our results shown in Fig.   3h , at this initial yield point the carbon-carbon chains get close to each other and suddenly form new C-C bonds, resulting in the relieve of some parts of the stresses.
After this point and by further increasing the strain level, the stress values increase sharply again. This increase is due to the fact that the monolayer ability to contract along the transverse direction of loading becomes considerably restricted and thus the subsequent deformation can be only accomplished by the bond stretching. As shown in Fig. 3k , these newly formed C-C bonds construct triangular chains that can stay intact in the structure, even after the occurrence of the final rupture. The analysis of deformation process clearly explain the higher stretchability and tensile strength of graphene-like B-graphdiyne along the armchair direction. In a simpler word, as observable in Fig. 3c , for the uniaxial loading along the zigzag only half of the carbon-carbon chains in the system can contribute in the load bearing and stretching as well, whereas for the uniaxial loading along the armchair, all carboncarbon chains finally involve in the load bearing (see Fig. 3h ). Worthy to note that for the biaxial loading, since the deformation can be achieved only by the bond elongation, the stretchability is highly limited. In this case, as expected and likely to the samples under the uniaxial loadings, the ruptures occur in the B-C bonds (Fig.   3p ). 
Thermal stability
The range of temperatures that a material can endure intact is another important property that plays a critical role for the high temperature applications. We therefore examined the thermal stability of single-layer B-graphdiyne using the AIMD simulations at high temperatures. To this goal, AIMD simulations were conducted at different temperatures of 500 K, 1000 K, 1500 K, 2000 K, 2500 K and 3000 K for up to 20 ps. The snapshots of the single-layer C 12 B 2 after the AIMD simulations are illustrated in Fig. 4 . As a remarkable finding, the B-graphdiyne monolayer was found to stay intact at the high temperature of 2500 K (Fig. 4c) . This novel 2D system is however rapidly disintegrated at the higher temperature of 3000 K (Fig. 4d) . In this temperature, in accordance with failure mechanism under the mechanical loading, the first bond breakage occurs in the B-C bonds (see Fig. 4d ). Our AIMD results reveal the outstanding thermal stability of graphene-like B-graphdiyne and thus confirms its suitability for service at high temperatures. Worthy to note that the outstanding thermal and mechanical stability of B-graphdiyne monolayer does not guarantee its dynamical stability, such that the analysis of phonon spectrum of this novel 2D system can be an important topic for the future studies. 
Thermal conductivity
Thermal conductivity is another important property of a 2D material in the design of nanodevices [75] [76] [77] [78] . High thermal conductivity is favourable to avoid overheating issues or application in thermal management systems, whereas a low thermal conductivity is desirable to improve figure of merit of thermoelectric materials. We accordingly also calculate the thermal conductivity of single-layer C 12 B 2 , using the classical molecular dynamics simulations. In 
Electronic and optical properties
To probe the electronic properties of C 12 B 2 monolayer, the band structure, total and partial electronic density of states (EDOS) were calculated. Fig. 6 illustrates the band structure along the high symmetry directions, total and partial EDOS of C 12 B 2 monolayer predicted by PBE method. Our results indicate that the unstrained C 12 B 2 monolayer is a direct band-gap semiconductor at Γ point, which is in a good agreement with the theoretical predictions by Wang et al. 36 . The band-gap of freestanding and stress-free C 12 B 2 within the PBE functional was measured to be 0.48
eV. The results shown in Fig. 6 suggest that by applying biaxial loading the electronic band-gap increases (Fig. 6b) , whereas applying the uniaxial loading along the armchair (Fig. 6c) and zigzag ( Since the PBE functional underestimates the band-gap values, the EDOSs were also computed using the HSE06 hybrid functional. The corresponding band-gap value of unstrained B-graphdiyne within HSE06 was calculated to be 1.15 eV, which is very close to the experimentally measured optical band-gap of 1.1 eV reported by Wang et al. 36 . Taking into consideration that the HSE06 method provides more accurate predictions for the band-gap values, in Fig. 7 we specifically probe the engineering of band-gap in B-graphdiyne, through the mechanical loadings. HSE06 results shown in Fig. 7 suggest that in this monolayer by applying the biaxial loading the electronic band-gap gradually increases. By applying the uniaxial loading along the armchair and zigzag directions the electronic band-gap first slightly increases and then stabilizes and later for larger strain values it starts to decrease. These results highlight the strain tuneable band-gap character in B-graphdiyne monolayer.
Moreover, the ultralow thermal conductivity along with direct and narrow band-gap semiconducting electronic character may suggest the graphene-like B-graphdiyne as a promising candidate for the design of novel thermoelectric devices operating at low temperatures. We next discuss the optical responses of B-graphdiyne monolayer. The imaginary and real parts of the dielectric function of stress-free and strained (with strain of 0.10) C 12 B 2 monolayer for the in-plane (E||x and E||y) polarized directions were calculated and the acquired results are illustrated in Fig. 8 . As it can be seen the optical spectra for unstrained and biaxial strained systems are isotropic for the light polarizations along the x-and y-axis, whereas it is anisotropic for the uniaxially loaded structures. Moreover, for all cases the optical spectra are highly anisotropic along the in-plane directions. For unstrained monolayer, the first absorption peak of
is at 1.14 eV for in-plane polarization, which is in an excellent agreement with the measured experimental optical band-gap of 1.10 eV by Wang et al. 36 . It is conspicuous that by exerting biaxial and uniaxial loading along the zigzag the adsorption edge of Im ε for E||x in the low-frequency regime slightly shifts to higher energies (blue shift) while the shift to lower energies (red shift) is observable for uniaxial loading along the armchair. In contrast, the adsorption edge of Im ε for E||y experiences a red shift for uniaxial loading along the zigzag and a blue shift for uniaxial loading along the armchair. The value of static dielectric constant (the real part of dielectric constant at zero energy, Re ε 0 ) for the C 12 B 2 monolayer is 3.71 for E||x. By exerting biaxial loading the Re ε 0 in all polarizations decreases while by applying the uniaxial loading along the zigzag the static dielectric constant increases along E||x and decreases along E||y. On the other hand for the uniaxial loading along the armchair, the static dielectric constant increases for E||y and decreases along E||x. Table 1 summarizes the first adsorption peak of Im ε and static dielectric constant of unstrained and strained single-layer C 12 B 2 . The absorption coefficient α ij (ω) for all polarizations are plotted in Fig. 9 . where E T is the total energy of B-graphdiyne pristine film, E TM is the total energy of the system after metal atoms adsorption and E Ma is the per atom lattice energy of the metal adatoms. The maximum adsorption energies for single Li, Na, Mg and Ca over the B-graphdiyne monolayer were estimated to be, -1.7 eV, -1.75 eV, 0.65 eV and -1.22 eV, respectively. For the all considered adatoms in this work, it was found that they prefer to move inside the monolayer and stay around the B atoms with equal distances from the 1C neighbouring atoms. For the Li and Na adatoms, the most favourable adsorption sites were found to be exactly in the B-graphdiyne lattice plane, whereas for Mg and Ca atoms they show out-of-plane movements. In Fig. 10 , the differential charge density plots of the most stable adsorption sites are shown.
These results suggest that B-graphdiyne interacts efficiently with the considered elements and accept electron charge densities from them. In this regard and on the To assess the suitability of a material as an anode for rechargeable batteries, the evolution of adsorption energy by increasing the adatoms coverage plays a critical role. It is well-known that the composition and structure of an electrode active material may drastically change by increasing of adatoms coverage. In this work, we therefore gradually and uniformly increased the adatoms coverage. To this aim, we first uniformly placed the metal adatoms on the strongest binding sites. In the Bgraphdiyne unit-cell considered in this work, six metal adatoms are required to fill the all most stable binding sites. According to our analysis of adsorption sites, after the most stable site the metal atoms tend to mainly absorb on the top of the B or C atoms. Therefore to simulate the intercalation of adatoms in B-graphdiyne, we positioned the adatoms randomly and uniformly on the both sides of this monolayer.
To count for the statistical nature of this problem, we constructed three different systems and after the energy minimization and subsequent single-point energy calculations, the one with the lowest energy was chosen. We then calculated the average adsorption energy, using the following equation:
where E TM is the total energy of B-graphdiyne monolayer with "n" metal adatoms adsorbed. The voltage values close to zero are nevertheless not desirable because that increases the probability of dendrite formation during the adatoms intercalation in anode, which may leads to thermal runaway and other serious damages to the battery. In this work, the average voltages in the coverage range of x 1 ≤ x ≤ x 2 were estimated by the following equation 84, 85 :
where and are the total energies of the systems with x 1 and x 2 adsorbed metal adatoms, respectively and z is the valance electrons of an adatom, for Na and
Li takes one and for Ca is two. In Fig. 13 For the application of a material as cathode or anode in rechargeable batteries, presenting the good electronic conductivity is always highly desirable. To reach higher voltage outputs, the internal electronic resistances should be as low as possible. Moreover in order to decrease the risks concerning the overheating issues, like the joule heating, the electronic resistivity of active materials should be low.
Worthy to note that experimental measurements confirm the excellent electronic conductivity of B-graphdiyne 36 , which is a very appealing character for its practical application as an anode in rechargeable batteries. To probe the effects of adatoms adsorption on the electronic band-gap of B-graphdiyne, we computed the electronic density of states using the HSE06 method. Our results depicted in Fig. 14 confirm that by addition of only a few metal adatoms (three atoms in this case), at the zero state energy (Fermi level) the EDOS is not zero which suggests that the band-gap is closed and the structure becomes metallic. For numerous applications such as those related to mobile communication systems and electric vehicles, fast charging of a battery is among the most critical factors. To explore the suitability of graphene-like B-graphdiyne with respect to the ionic conductivity, we analyzed the diffusion of a single Li adatom using the NEB method and predicted the corresponding energy barriers. To this aim, as a common approach, the diffusion of an adatom between two equivalent most stable adsorption sites was considered. 2. Most stable adsorption sites for Li, Na, Mg and Ca atoms over Bgraphdiyne. Fig. S1 , Atomic structure of B-graphdiyne monolayer. Table S1 , Predicted most stable adsorption sites for the single Li, Na, Mg and Ca adatoms over the single-layer B-graphdiyne. Here, E ad , L x-y , Z and ΔQ depict, respectively, the corresponding adsorption energy, distance between the closest x and y atoms, the out-ofplane movement of an adatom at the "S" adsorption site (shown in Fig. S1 ) and the charge transfer from a single adatom to the B-graphdiyne monolayer predicted by the Bader charge analysis.
Most stable adsorption sites Li Na Mg Ca 
